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ABSTRACT: Low-cost, scalable preparation of high-quality graphene has been a critical challenge that hampers its largescale application. We here propose a novel, scalable liquidphase exfoliation method in which the intercalation, expansion, and exfoliation of graphite are achieved all under ambient conditions, not involving any heating or high-temperature treatment. We demonstrate that such room-temperature liquid-phase intercalation and expansion allow graphite flakes to expand up to 1000 times. Significantly different from thermally expanded graphite, the resulting chemically expanded graphite (CEG) exhibits a uniform, open, porous structure with a specific surface area (847 m 2 /g) comparable to the theoretical value of three-layer graphene. The CEG obtained is able to be exfoliated under mild conditions to give high-quality graphene with a yield of 70% relative to the starting graphite. The exfoliated graphene sheets have very few defects, with an atomic ratio of carbon to oxygen (C/O ratio) of 28. The as-prepared graphene exhibits an electrical conductivity of 1.17 × 10 5 S/m and the corresponding transparent films also reveal superior optical and electrical performance.
T he discovery of graphene has attracted considerable attention because of its intriguing properties and application potential in fields such as nanocomposites, nanoelectronics, conductive inks, and energy storage devices, 1−5 and recently emerging sodium-ion batteries. 6−8 However, it remains highly challenging to develop a low-cost, high-efficiency, industrial-scale preparation method that is able to well-balance graphene quality and production efficiency. 9 The reduction of graphene oxide has been employed in existing industrial production 10 and largely improved; 11 however, this route still compromises the quality of graphene: high defect content in the resulting products may restrict their application to a large extent. 10 Recent studies have exhibited good advances, including microwave exfoliation in ionic liquids, 9 spontaneous exfoliation in tricomponent fuming acid systems, 12 and electrochemical exfoliation, 13 but some issues remain to be addressed, e.g., cost, quality, and scalability. For practical applications of graphene, a simple, inexpensive, and low-energyconsuming preparation technique is an important prerequisite.
Liquid-phase exfoliation of graphite has been deemed to be one of the most promising routes for mass production of lowcost, high-quality graphene; 14 however, the early studies require relatively long sonication time. 15 This is difficult for industrialscale implementation, especially ton-grade production. To improve the exfoliation efficiency, expanded graphite (EG) with increased interlayer distances would be used in liquid phase exfoliation, 16 which is obtained usually by thermal expansion 17 or electrochemical expansion. 18 The thermal expansion is primarily driven by the evolution of gas within the interlayer region, resulting from decomposition of either the intercalant within interlayer galleries or oxygen containing functional groups generated during the oxidation of graphite. 17 In this process, gas shock to adjacent graphene layers is inhomogeneous and multilayer stacked structures exist inevitably, thus often yielding tens of layers thick graphite microsheets after exfoliation. 19 Increasing the extent of oxidation of graphite may improve the yield of few-layer or even single-layer graphene for thermal or microwave expansion/exfoliation routes, but this is at the cost of graphene quality as well. 20−22 Electrochemical expansion features high efficiency and environmental friendliness for preparation of single-or few-layer graphene, especially for the anionic intercalation/expansion in aqueous electrolytes containing inorganic sulfates. 23 Nevertheless, a compromise on graphene quality still needs to be made because of the influence of radicals generated during the water electrolysis. 13 These radicals can attack the graphene lattice, resulting in the formation of defects, with a lowered C/O ratio, typically <20. 23 To address this issue, they have attempted to use some antioxidants to capture the radicals formed in the electrochemical expansion, which significantly enhanced the C/O ratio of exfoliated sheets by 25.3. 13 Despite these advances, the integrity and size limitation of electrochemical electrodes might remain an issue to be addressed for industrial-scale production of graphene. 12, 24 In contrast, chemical expansion and liquid phase exfoliation of graphite provides an additional choice for scalable, high-yield graphene production. 12, 25 Similar to the electrochemical expansion, interlayer gas evolution is important for the chemical expansion of graphite, which primarily originates from the interlayer chemical reaction of intercalants with reactive species. Recent studies have shown that some intercalation molecules (e.g., FeCl 3 and (NH 4 ) 2 S 2 O 8 ) could be used to produce expanded graphite in liquid phase via interlayer chemical reaction. 12, 25 However, the uneconomic intercalation process (380°C for 24 h) or large sheet thickness (10−35 nm) are still unsatisfactory.
Here we demonstrate a novel room-temperature intercalation/expansion method to prepare high-quality graphene in a simple, low-energy-consuming manner. We use CrO 3 as intercalant and H 2 O 2 as reactive species to achieve the spontaneous intercalation and expansion of graphite under ambient condition. The resulting CEG reveals an expansion ratio up to 1000 times (relative to the starting graphite) and a specific surface area (SSA) of 847 m 2 /g, 1 order of magnitude higher than that of traditional thermally expanded graphite (TEG) and comparable to the theoretical SSA of three-layer graphene. Different from the TEG, our CrO 3 -based CEG has uniformly expanded interlayer spacings, which enables it to be exfoliated easily by sonication, with a graphene yield of 70%.
The resulting graphene sheets reveal good lattice perfectness, a C/O ratio up to 28 that corresponds to an oxygen content of 3.4 at %. The as-prepared graphene film shows an electrical conductivity of 1.17 × 10 5 S/m and the transparent graphene film gives a sheet resistance of 2.65 kΩ/□ at 80% transmittance. The simplicity and economic feature of the preparation method make it especially suitable for large-scale production of high-quality graphene sheets.
■ RESULTS AND DISCUSSION
Preparation and Liquid-Phase Expansion of CrO 3 -Based Graphite Intercalation Compounds. We first prepared CrO 3 -based graphite intercalation compounds (CrO 3 -GICs) by mixing 1 g graphite (average lateral size: + 100 mesh), 8.5 g CrO 3 and 7 mL concentrated HCl (12 M) in a 100 mL two-neck flask for 2 h under ambient condition. The intercalation of CrO 3 is a rapid process in this case, the majority of which has been completed nearly in 30 min and a reaction time of 2 h aims to ensure a uniform distribution of CrO 3 in the interlayer gallery of graphite. The intercalation of CrO 3 failed to cause a significant thickness increase, only a change from 30 μm for graphite flakes to 50 μm for CrO 3 -GICs was observed ( Figure 1a and Figure S1 ). X-ray diffraction (XRD) shows that the resulting product is stage-three CrO 3 -GICs, which is reflected in four adjacent characteristic diffraction peaks (30.4, Figure S2) ; the FESEM image of (e) GICs and (f) the corresponding element distributions; (g) the mechanistic scheme of CrO 3 -based chemical expansion and exfoliation process. 26 .8, 24.3, and 18.3°, Figure 1d ). The absence of the graphite diffraction peak at 26.3°indicates almost all the starting graphite has been transferred into CrO 3 -GICs within 2 h (further discussion see Supporting Information and Figure S2 ). This is distinctly different from the early experimental studies where the intercalation of CrO 3 in large-sized graphite was difficult and normally required a reaction time as long as 7−29 days. 26 In our experiments, the intercalation of CrO 3 is rapid and furthermore, the distribution of the intercalant species within the interlayer galleries was found to be quite uniform, as shown in Figure 1e , f, where the distribution of elements Cr, O, Cl on the split GIC surface can be observed clearly. This is important for the subsequent uniform chemical expansion in the liquid phase.
In the presence of concentrated HCl, the intercalation of CrO 3 Figure 1g . In this process, CrO 3 is not the only intercalation species (CrO 2 Cl 2 and CrO 3 are also probably present within the interlayer gallery, as shown in Figure 1f ), but for clarity we still denote the resulting intercalation product as CrO 3 -GICs. The chemical reactions occurred during the intercalation and expansion can be described by the following equations 26, 27 
(1) (2)
The chemical expansion of GICs in liquid phase proceeds in a relatively mild manner, which is driven primarily by the persistent evolution of gas within interlayer galleries and makes the density of GICs significantly reduce. The product (CEG) finally floats over the surface of solution. We note that even though the expansion process occurred in liquid phase where the fluid pressure always restricted their volume increase, the CEG still revealed quite a large expansion ratio. As shown in Figure 1a −c, a 30 μm thick graphite flake finally expanded into an ∼3 cm long CEG strip after standing for 24 h at room temperature, an expansion ratio up to 1000 times. As the breakdown of CEG strips always inevitably took place during the expansion ( Figure S3 ), it is difficult to determine the final size of the CEG. Nonetheless, this does not interfere with concluding that the chemical expansion of CrO 3 -GICs in liquid phase is effective for impairing the interlayer interaction between graphene sheets. On the other hand, for high yields of liquid phase exfoliation, it is likewise important whether such a chemical expansion can occur uniformly in every interlayer gallery of GICs. To examine this, we next study the interlayer gas evolution process during the chemical expansion.
Understanding the Liquid-Phase Expansion of GICs. We placed a thin CrO 3 -GIC flake on a glass slide that was suspended in the 30% H 2 O 2 solution and observed its expansion behavior with an optical microscope. In the initial stage, a small amount of bubbles generated along the periphery of the flake in a slow rate. As these bubbles constantly attacked the periphery of GICs, the grain boundaries were dislocated and led to the external disruption of graphite layers. This facilitated the inflow of more H 2 O 2 molecules to the interlayer gallery. As shown in Figure S4 and Video S1, the bubble formed gradually grew up and plumped up a parcel on the flake surface, then escaped from the interlayer. With the accumulation of H 2 O 2 within the interlayer gallery, the reaction became increasingly violent after a period of time and plenty of bubbles emerged rapidly on the surface and at the periphery ( Figure  2a ). In addition, it was observed that during the expansion a light region appeared on the right of GIC surface and progressively extended along the red arrow direction in Figure   Figure 2 . (a−c) Optical image of the chemical expansion of GICs under a reflected mode, the bubbles appear on the GIC surface due to the existence of crystallite grain boundaries (the red cycle), and the red arrows point to the movement direction of the "tidal wave effect" during the expansion; the optical images of the chemical expansion of separate GIC sheets that were placed on a glass slide, obtained at different times under (d−g) a transmitted mode and (h−k) a reflected mode. The length of the bars in all a−k is 100 μm.
2b, c (a real-time observation is also presented in Video S2). Such a tidal wave phenomenon during the expansion suggests a diffusion-controlled process, 28 to release O 2 gas that pushes two adjacent graphene layers away at the edge of GICs. When more and more gas molecules are formed within the interlayer galleries and have no enough time to escape from the interior, the expansion of GICs occurs. In this process, the infiltration of H 2 O molecules is likewise crucial for the significant expansion of CrO 3 -GIC. Due to the presence of surface Cr 3+ ions, which were adsorbed on the surface by charge transfer, the exposed graphene surface becomes from hydrophobic to hydrophilic, which enables more H 2 O 2 and H 2 O molecules to enter the interior of GICs through opened peripheral regions and forms interconnected water passages within the interlayer galleries. 29 As a result, to achieve significant chemical expansion of GICs, both persistent interlayer gas evolution and surface wetting are important. Cr ion species play a dual function: evolve O 2 gas by reaction with H 2 O 2 and improve the surface wettability by adsorption on the graphene surface. In addition, we also note that in this expansion process, except for the surface graphene layers that are easier to expand, the expansion actually occurred in the whole GIC flake, which resulted in a significantly increased volume and a homogeneous structure.
To clarify whether such expansion can take place homogeneously in the whole GIC sheet, we deposited a piece of CrO 3 -GIC flake on a glass slide and then scraped it to several thinner sheets with a knife from left to right. After adding a few drops of 30% H 2 O 2 solution to ensure that every sheet was immersed in the solution, we found that plenty of bubbles generated constantly on separate sheets. In 200 min, they progressively became from gray to dark due to increased interlayer distances (Figure 2d−g ), which can be more clearly observed under the reflection mode (Figure 2h−k) . This implies that every exposed graphene surface had the intercalation species adsorbed. Once they contact with H 2 O 2 in the solution, the reaction occurs and evolves O 2 gas. Given that these separate sheets were formed stochastically by scraping, we believe that the distribution of the intercalant species in the whole graphite is uniform. This feature constitutes a basis to achieve the homogeneous expansion of GICs.
Microscopic images provide direct evidence for the structural change occurred during the chemical expansion. We prepared samples by lyophilization, which allows us to detect the real structures formed during the chemical expansion and avoids to certain extent possible structural distortion occurred in the process of sample preparation. As shown in Figure 3a and Figure S5a −c, the resulting CEG reveals homogeneous, open, porous structures, although some grooves appear due to the existence of different sizes of microcrystal domains in graphite flakes, as described in the Daumas-Herold model. 30 The magnified images (Figure 3b, c) show that the pores formed during the expansion are open, significantly different from that of the TEG. To distinguish them, we call this homogeneous, open, porous structure of CEG as "a perforate structure". For the TEG, its "balloon" structure comprises bundles of graphite units (tens of graphene layers per unit) and furthermore the majority of pores are close (Figure 3d−f) . 31 In view of these structural differences, we expect that the CEG would have higher accessible specific surface areas (SSA) than that of the TEG. Figure 3g shows the UV−vis absorption spectra of the CEG dispersed in methylene blue (MB) aqueous solution (10 mg/ L), where the wet, nondried CEG (CEGW) was employed, the detailed experimental and calculating methods see the Section S5. It is observed that the characteristic absorption band (665 nm) of MB gradually diminished with time at ambient temperature, and after 2 h the color of the solution became progressively from blue to colorless, transparent (the inset of Figure 3h ). Employing the Langmuir model to fit this adsorption isotherm, we obtained a maximum adsorption capacity (Q m ) of 347.2 mg/g (Figure 3i ). On the basis of the surface area (1.30 nm 2 ) of a single MB molecule covered on graphite-based samples, 32 a MB-based specific surface area (MB-SSA) of 847 m 2 /g for the CEG is obtained, which is comparable to the theoretical SSA of a nonporous, three-layer graphene sheet (877 m 2 /g), 33 implying that the H 2 O 2 -derived CEG primarily consists of well-separated trilayer graphene sheets. For stage-three GICs, this would be the highest SSA that they are able to achieve. Apparently, such a highly accessible surface is closely related to the special perforate structure of the CEG, which is in sharp contrast with the structure of TEG. To demonstrate the distinction between them, we also measured the MB-SSA of the TEG prepared following the traditional method. 20 As shown in Figure 3h , unlike CEG, TEG reveals a much slower adsorption rate and a much smaller adsorption capacity (52.7 mg/g), which corresponds to a MB-SSA of 128.7 m 2 /g and is higher than the results (40−59 m 2 /g) reported previously. 17, 34 In addition, we note that the CEG after vacuum drying (CEGD) also exhibits a much lower adsorption capacity (40.65 mg/g) and MB-SSA (99.2 m 2 /g), even smaller than those of the TEG. The remarkably reduced SSA for CEGD would arise from the aggregation of graphene sheets occurred during the drying, due to the strong π−π interaction. Figure S5g −i shows the representative FESEM images of the CEGD, from which a highly collapsed structure is clearly visible. As a result, for the high-yield preparation of graphene it is critical to keep the obtained CEG in a wet state other than a dry state, which will enable the highly accessible porous structures of the CEG to be exploited.
Chemistry of Materials
Morphology and Quality of Exfoliated Few-Layer Graphene. We prepared graphene sheets by sonicating 200 mL NMP suspensions containing 0.2 g CEG for 1 h using a power 500 W of sonicator (TJS-3000 V6.0). After several cycles of centrifugation extraction at 1500 rpm, we found that 70% of the starting graphite was exfoliated into graphene sheets, the calculation of exfoliation yield sees Materials and Methods. To characterize the morphology of the exfoliated sheets, we deposited them on silicon substrates for microscopic observation. The representative FESEM image is presented in Figure 4a and Figure S6a . By measuring ∼100 graphene sheets, a lateral size histogram shows that over 75% of graphene sheets are larger than 6 μm, ∼ 20% larger than 10 μm with a maximum lateral size of 15 μm ( Figure S6b ). This is comparable to that of the electrochemically exfoliated graphene sheets (5−10 μm), 13, 23 but far higher than that of liquid phase exfoliated graphene sheets by direct sonication (hundreds of nanometers). 14, 15 Atomic force microscope (AFM) images show a similar result where the majority of GICs have been exfoliated into graphene sheets (Figure 4c and Figure S7 ). Statistical analysis indicates that ∼70% of the exfoliated sheets have a thickness range of 0.5−2.5 nm and ∼55% of them are one-to three-layer sheets (thickness <1.5 nm) (Figure 4d) . We believe that the high exfoliation yield and large sheet size are related to the stage-three intercalation structure of GICs and the mild chemical expansion process. The stage-three GICs allow the expansion primarily occurs in the interlayer galleries every three layers, which makes the cavitation effect of ultrasound preferentially acts on these regions. The resulting few-layer graphene sheets are electron transparent, as shown in Figure 4e . The selected area electron diffraction (SAED, Figure  4f ) shows characteristic 6-fold symmetric diffraction points, indicating that the lattice structure of graphene sheets suffered from little destruction during mild sonication. 35 The higher intensity of the (−2110) diffraction spot than that of the (−1010) spot suggests a multilayer graphene structure ( Figure  4g ). 14, 15 This is consistent with the high-resolution transmission electron microscopy (HR-TEM) image (Figure 4h and Figure S8 ), where a trilayer structure can be clearly identified at the edge.
Raman imaging was also used to evaluate the structure and quality of the exfoliated graphene sheets, with a laser wavelength of 532 nm. The G (∼1580 cm −1 ) and 2D (∼2700 cm ) bands are the two most prominent characteristic signals, corresponding to the in-plane vibration of sp 2 carbon atoms (closely related to the layer number or thickness) and the two phonon double resonance process (widening with increasing graphene layer number), respectively. 36−38 For the selected graphene sheet, Figure 5c and Figure S9a show the existence of some nonuniformity. The upper section of this sheet reveals higher G band and 2D intensities compared to the under section, suggesting a larger thickness. 39 In the under region, two small specks are also discernible, despite their weaker intensity compared to that of the upper region. Their appearance probably arises from the spontaneous deposition on the graphene surface through the π−π interaction after exfoliation or sample drying, while the thicker upper region to certain extent reflects the staging phenomenon or the defect effect of crystallite grain boundaries in graphene layers. 40 As for the defects in graphene, the signal intensity of D band (∼1350 cm
) is a sensitive indicator, which is highly related to the content of defects. 37, 41 As shown in Figure 5b , in this sheet the distribution of defects is nonuniform as well, and most of them locate in the upper region. Nevertheless, we note that actually their D band intensities are extremely low as opposed to that of G bands (at least 1 order of magnitude smaller than G band), and approximately at the level comparable with that of the noise or substrate signals. Given the spatial difference in G band intensity, Figure S8b presents the G band-normalized D band distribution, where no significant spatial distinction can be discerned, due to the relatively weak D band signals. To further observe the structural detail in the whole sheet, Figure 5d and Figure S10 show the Raman spectra of spots 1−11 denoted in Figure 5a , respectively, the corresponding D, G, 2D intensities and the intensity ratios of D/G and 2D/G are collected in Table S1 as well. It is found that all the spots have I D /I G ratios of 0.02−0.09, which are actually superior to most of the reported results (Table S2 ) and suggest a lower defect concentration. Moreover, even at the edge, the intensity of D bands (spots 1, 3, 7, 10, 11) is also very weak and shows no remarkable distinction from those of the other locations, although the edge can act as defects and allow elastic backscattering of electrons as described in some reports. 36−38 In this regard, however, we note that for perfect or high quality graphene whether the D band at edges appears actually depends on the type of the edges, e.g., armchair, zigzag, or disordered edges. 42−44 A perfect zigzag edge fails to generate the D band signal due to momentum conservation. This seems to be suggesting that our graphene sheets might contain a certain amount of zigzag edges. 43 At this point, however, we cannot explain why such edges exist, and thus it is not conclusive. Further analysis and characterization apparently need to be conducted, given possible interference of the background noise in our measurement. Figure 5e presents the results of X-ray photoelectron spectroscopy (XPS) for the exfoliated sheets and the starting graphite. They exhibit the similar behavior, in which a sharp peak at 284.8 eV and a weak peak at 532.2 eV are ascribed to C 1s and O 1s, respectively. 45 The areal ratio between C 1s and O 1s multiplied by the ratio of the photoionization cross sections gives the C/O ratio. This generates 95.4 at % carbon and 3.4 at % oxygen for the graphene sheets, slightly lower than the values of the starting graphite (97.4 at % carbon and 2.4 at % oxygen). To identify these (residual) oxygen functional groups on graphene sheets, we fitted the C 1s peak with the Gaussian− Lorentzian function after performing a Shirley background correction, the corresponding results are presented in Figure 5f . The deconvoluted XPS spectra reveal that the oxygen element in graphene sheets and starting graphite exists in the form of C−O (286.6 eV) and CO (287.2 eV), respectively. 45 The resulting graphene sheets have a C/O ratio up to 28. It is slightly lower than that of graphene sheets obtained using microwave and ionic liquid-assisted exfoliation (C/O ∼30, the highest value in all the reported results), 9 but higher than most of the results reported in the literature. A detailed comparison in this regard is also given in Table S2 . We believe that the lowdefect feature observed here would arise from the relatively weak oxidization capability of CrO 3 or CrO 2 Cl 2 to graphene sheets, in spite of their good drive force to enter the interlayer galleries of graphite in the presence of HCl. This provides an attractive approach to produce high-quality graphene sheets in a low-cost, scalable manner by the intercalation of CrO 3 and liquid-phase expansion.
Electrical Properties of Graphene Films. To further evaluate the quality of the exfoliated graphene sheets and explore possible applications, we prepared the graphene films by vacuum filtration on a poly(tetrafluoroethylene) with 0.45 μm pores (Millipore). Twenty megapascals of pressure was used to ensure the tight contact between adjacent graphene sheets in films. The electrical conductivity of the graphene film with 1.5 μm thickness ( Figure S11 ) reached 1.17 × 10 5 S/m (5.68 Ω/□), with a four-probe measurement method. Besides, we also prepared a series of transparent films with different thicknesses by combining filtration and the wet transfer technique. 46 As shown in Figure 6a , the surface resistance of the graphene films reveals a decreasing tendency with increasing film thickness or decreasing transmittances. For the film of 85.8% transmittance, it shows a surface resistance of 4.76 kΩ/□, whereas for the film of 67.2% transmittance, its surface resistance is only 765.2 Ω/□. These optical and electrical properties are comparable to those of the exfoliated graphene transparent films reported in the literature, 13 ,47 see Table S3 . Figure 6b shows the transmission spectrum of a film with the surface resistance of 1.72 kΩ/□ in the visible region (400−800 nm) in which the transmittances almost independent of light wavelength are observed, and the inset demonstrates the validity of such a transparent conducting film. Given that the performance of graphene transparent films depends on many factors, including graphene size, defect content, layer thickness, film microscopic structure and preparation method, the structure and performance of transparent films demonstrated here were not further optimized. Nevertheless, these results indicate the high quality of the exfoliated graphene sheets and possible application potential. It is expected that such a room-temperature preparation method would be helpful for prompting the large-scale application of graphene-based materials.

■ CONCLUSION
We have proposed a CrO 3 -based, high-efficiency, low-energy consumption method to prepare few-layer, high-quality graphene, in which all operations were conducted under ambient condition. The intercalation of CrO 3 was found to be a rapid process (2 h) and significantly different from the reported molten salts or eutectic salts intercalation that commonly needs at least 24 h to make graphite intercalation compounds (GICs) at high temperature, e.g., 350°C. The chemical expansion of CrO 3 -GICs in H 2 O 2 solution makes the product (CEG) form a specific perforate structure, with a specific surface area (847 m 2 /g) that is 1 order of magnitude higher than that of the traditional thermally expanded graphite. The CEG obtained can be exfoliated easily under sonication into few-layer graphene sheets of several microns, with an exfoliation yield of 70%. The obtained graphene sheets have good lattice integrity, revealing a D/G band intensity ratio of <0.1 and a C/O ratio of 28. These sheets can be used to prepare graphene films with superior electrical performance (1.17 × 10 5 S/m for the 1.5 μm thick film) and transmittance (80%, 2.65 kΩ/□), and exhibit intriguing application potential.
■ MATERIALS AND METHODS
Preparation of Graphene Sheets. Natural graphite flakes (1 g, + 100 mesh, Aldrich) and CrO 3 (8.5 g) were added into a 100 mL twoneck flask, to which concentrated chlorohydric acid (7 mL) was slowly injected. The mixture was stirred at room temperature for 2 h (note: the tail gas was absorbed with saturated NaOH solution because of the evolution of chlorine). The products were washed with acetone and deionized (DI) water several times to remove unreacted CrO 3 . Stage-3 GICs were obtained and dried at 60°C in vacuum oven for overnight. As-prepared GICs (0.2 g) were invested into 30% H 2 O 2 (40 mL) at 25°C for 24 h (note: lower concentrations of H 2 O 2 solutions result in insufficient expansion, see section 10 and Figure S12 ). Subsequently, the obtained product was dispersed in 200 mL of N-methyl-2-pyrrolidone (NMP) by sonication (TJS-3000 V6.0 sonicator, 20 kHz/ 500 W) for 1 h. After several cycles of centrifugation at 12 000 rpm for 20 min (GL-20B) to remove impurity, the dispersion was centrifuged at 1500 rpm for 30 min to precipitate unexfoliation graphene. The supernatant was carefully decanted for further characterizations. The obtained supernatant actually is quite stable, only an extremely small amount of precipitate was observed after standing for 30 days. Furthermore, the precipitate can be readily redispersed in NMP by sonication for 30 s, indicating that the precipitate primarily arise from loose aggregates of graphene sheets, because of the limited dispersing concentration of graphene in NMP. The further discussion is given in Section S11 and Figure S13 .
Note that CrO 3 is a toxic oxidant and Cr 3+ is less toxic but an environmental pollutant. The operation of CrO 3 would be conducted cautiously, especially in large-scale industrial implementation. In the process of expansion/exfoliation of CrO 3 -GICs, CrO 3 will been transferred to Cr 3+ by reacting with H 2 O 2 , the latter can be collected in the form of precipitate through reacting with Ca(OH) 2 , Na 2 CO 3 , and NaOH. The resulting Cr(OH) 3 precipitate can be used as polishing paste or other applications.
Calculation of Exfoliation Yields. After exfoliation, the obtained suspension was purified by centrifugation at 12 000 rpm for 20 min to remove impurities. The purified graphene sheets were dispersed again in NMP to form a suspension. Due to the limited dispersion concentration of graphene in NMP, repeated centrifugation extraction allows us to take all exfoliated sheets out from the suspension. Coleman et al. have demonstrated that the dispersion concentration of graphene in NMP depends on several factors, including sonication time, sheet size, centrifugation rate, etc., and can be described by the equation
where C G is the concentration of graphene, k is the proportionality constant depended on centrifugation rate, ρ G is the graphitic density, d is the interlayer distance, t is sonication time, and ⟨L⟩, ⟨w⟩, ⟨N⟩ is flake length, width, and thickness. 48 In this study, we found that after sonication for 1 h and centrifugation at 1500 rpm for 30 min the dispersing concentration of graphene sheets in NMP was 0.2 mg/mL, which is consistent with the dispersion concentrations of 0.01−1.2 mg/mL reported by Coleman et al. Therefore, we first centrifuged the suspension at 1500 rpm for 30 min to take a portion of exfoliated sheets by separating the supernatant from the precipitate that contains exfoliated and unexfoliated sheets, and the precipitate was dispersed again in NMP to form a suspension. Repeating this centrifugation extraction process until the supernatant became colorless, indicating that all exfoliated graphene sheets have been exhaustively separated from the unexfoliated flakes. The final exfoliation yield is calculated using the following equation
where m up is the total mass of graphene sheets in all collected supernatants, m down is the mass of the residual precipitate after experiencing many times of NMP extraction.
Characterizations. Optical microscopy (DM2500P, Leica) was employed to monitor the expansion and exfoliation processes of CrO 3 -GICs, which were placed on the glass slide and suspended in 30% H 2 O 2 solution. The morphology and structures of the expanded graphite were observed by FESEM (Ultra 55, Zeiss). As-prepared graphene supernatant was dropped on Si substrates for FESEM observation and Raman spectroscopy (XploRA, HORIBA Jobin Yvon) detection with a 532 nm laser source. HR-TEM images were performed on a 2100F (JEM) with an accelerating voltage of 200 kV. The samples were prepared by dropping suitable concentration supernatants on holey carbon grids. AFM images were acquired using Bruker-Multimode 8 in tapping mode by dropping diluted supernatant onto freshly cleaved mica. XPS was used to investigate the elemental compositions and chemical states. It was conducted on an AXIS UltraDLD system (Shimadzu-Kratos) spectrometer with Al Kα radiation (hv =1486.6 eV). XRD was carried out using an X'Pert PRO (PANalytical) diffractometer operating at 40 kV and 40 mA with the monochromatic Cu Kα radiation (λ = 1.54 Å). UV−vis absorption spectra were recorded on a Lambda 750 spectrometer (PerkinElmer). The conductivity and surface resistance of graphene films were collected by a four-probe method (Four Probe Tester, ST2263).
Methylene Blue Adsorption Technique. MB solutions of different concentrations were prepared by dissolving appropriate amounts of MB into DI water. In a typical MB adsorption experiment, 200 mg CEGW (referring to the dried mass), TEG, and CEGD were respectively added to 1000 mL MB aqueous solutions (10 mg/L), and UV−vis absorption spectra were recorded at different time intervals to monitor the adsorption processes at 665 nm. The adsorption isotherms were obtained by varying the initial MB concentrations.
Fabrication of Graphene Transparent Conducting Films. A dilute graphene suspension was vacuum filtered using a poly-(tetrafluoroethylene) membrane with 0.45 μm pores (Millipore). The film was dried at 60°C in a vacuum oven for 2 h. Subsequently, the film was adhered to a polyethylene terephthalate (PET) substrate and pressed with a 20 MPa pressure for 1 min. The wet transfer method was used to transfer the graphene film onto a PET film; the obtained film was rinsed with ethanol and water, and dried at room temperature. Finally, UV−vis spectrometer and the four-probe tester were employed to measure the transmittances and film resistances. 
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